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Transcriptional Regulation Minireview
of Axon Pathfinding
Maryellen M. Daston* and Susan E. Koester† These transcription factors act at different stages of
*Molecular Neurobiology Laboratory neuron differentiation but not necessarily in the same
The Salk Institute for Biological Studies regulatory hierarchy, as they have been identified in
La Jolla, California 92037 different species and neuron types. Some are candi-
†Neuron dates for being direct regulators of the molecules that
Cell Press confer pathfinding specificity. In each system dis-
Cambridge, Massachusetts 02138 cussed, the projection phenotypes of the neurons in-
volved had been described previously sothat alterations
in pathfinding were easily recognized.
Neuronal differentiation has been postulated to occur Pathfinding versus Cell Fate Determination:
in a series of stages. These stages have been defined Transcription Factors Expressed
differently in various species. In vertebrates, one of the in Neuron Precursors
earliest decisions identified to date is whether to be- Many genes that encode transcription factors, when
come a neuron or glial cell. Later stages of differentiation mutated, will give rise to defects in axonal projection
define the details of the individual neuronal phenotype. patterns. But this phenotype alone is not sufficient to
In invertebrates, such as Drosophila, where individual classify a gene as a direct regulator of expression of
cells can be more readily identified and followed through molecules controlling pathfinding. The genes described
various stages, the decision points have been defined in this section are expressed early in neural cell lineages.
in more detail, from the early delamination of identified Since axon outgrowth occurs in postmitotic neurons,
neuroblasts from the epithelium, the assignment of phe- pathfinding defects resulting from mutation of these
notypic classes to the progeny of these neuroblasts, to genes are most likely an indirect manifestation of the
the final choice of individual neuronal fates. In all ner- disruption of cell fate determination and differentiation.
vous systems, the ultimate outcome of cell fate specifi- The gene prospero (pros) has been identified in sev-
cation for a neuron is the completion of synapse forma- eral searches for genes that control cell fate in Drosoph-
tion with its appropriate target cell(s). Indeed, themature ila (Doe et al., 1991; Vaessin et al., 1991). pros is ex-
identity of a neuron is defined by its pathway and target pressed in most or all neuroblasts of the CNS and PNS.
choices. In pros mutants, neuroblasts gave rise to the normal
Axon pathfinding is one aspect of the differentiation number and types of neurons, but there are severe de-
program of a neuron that occurs after the final cell divi- fects in the formation of major axon tracts. pros appears
sion. As an axon grows away from the neuronal cell to act early in the differentiation pathway at the step
body, it must choose among the various substrates it where neuroblast progeny are specified to become gan-
encounters along its course in order to reach the vicinity glion mother cells (GMCs). PROS protein is localized to
of its target. On arrival, it must recognize and enter the
the cortex of the basal surface of the dividing neuroblast;
target area. Once in the target tissue, it must recognize
the side of the cell that will give rise to the GMC. PROS is
and synapse with the appropriate cells. Although the
apparently necessary for preventing neuroblast-specific
mechanism by which axons accomplish the complex
gene expression and activating expression of sometasks of pathfinding and target recognition is far from
genes normally expressed in GMCs (reviewed by Doebeing fully understood, in recent years there has been
and Spana, 1995). The mechanism through which dis-tremendous progress toward identifying the molecular
ruption of this early differentiation event gives rise tobasis for this remarkable feat of nervous system devel-
pathfinding defects in pros mutants is not known.opment. Most progress has been made in identifying
A similar story arises from more experiments in Dro-guidance cues, that is, molecules expressed outside
sophila on an unrelated gene, huckebein (hkb), whichof growth cones that influence the direction of axon
encodes a putative zinc-finger protein (Chu-LaGraff etoutgrowth. Somewhat less is known about the relevant
al., 1995). hkb has a more restricted pattern of expres-molecules expressed in and on growing axons; these
sion than pros, as it is limited to a subset of CNS neuro-would include receptors for guidance cues and elements
blasts (NBs). The authors focus their analysis of hkbof the signal transduction pathways that mediate
function on the NB 4-2 lineage. Like pros, the absencechanges in growth cone behavior (reviewed by Keynes
of hkb does not completely alter the cell fates of theand Cook, 1995).
progeny of affected neuroblasts. One of the progeny ofFor a neuron to achieve a certain projection pattern,
NB 4-2, GMC 4-2a, fails to express its normal cell fateit must express the receptors and intracellular signaling
marker, the transcription factor evenskipped (eve). How-components that allow its axon to respond appropriately
ever, the lineage still produces the normal number andto the extracellular cues it encounters. It is not surpris-
type of CNS neurons, that is, motor neurons identifiableing, then, that the search for molecules important in
as RP2 and RP2sib. In these mutants, most of the seg-axon pathfinding and target recognition has begun to
mentally repeated RP2 neurons extend axons out of theyield regulators of gene expression. This minireview dis-
ventral nerve cord appropriately and reach the bodycusses several recently identified transcription factors
wall musculature; however, the axons invariably makethat have been implicated in regulating axon pathfinding
pathfinding errors in the periphery and never terminatebecause their expression correlates with axon projec-
on their correct target muscles. Thus, it is unclear in thistion patterns or, when mutated, they give rise to path-
finding defects without grossly disrupting cell fate. case whether hkb is important for controlling neuroblast
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identity prior to the final mitosis, RP2 and RP2sib projec- motor neuron phenotype projection patterns in verte-
brates.tion phenotype, or both. Interestingly, mutant embryos
lacking eve show axon pathfinding defects in the RP2 The detailed understanding of the normal pattern of
gene expression (Figure 1) makes it possible to testneuron that are more severe than the combined loss of
eve and hkb in the same neurons (see references in directly the hypothesis that these genes control axon
pathfinding. Precise predictions can be made about theChu-LaGraff et al., 1995).
While both pros and hkb have important roles well pathway choices of motor neurons in animals in which
LIM homeodomain genes are knocked out or misex-upstream of axon outgrowth, in both null mutants af-
fected neurons appear normal in many aspects other pressed. For example, motor neurons of the MMCm,
which project ventrally to form the dorsal ramus, expressthan axon trajectory. Thus, there is some specificity to
the defect in axon pathfinding. Learning more about the Lim-3, while MMCl and LMCm neurons, which have a
ventrolateral trajectory, do not. Isl-1 and Isl-2 expressionidentities and functions of the genes that are abnormally
regulated in these neurons will enhance our understand- is shared by all three neuron types. Thus, a model that
assumes that projection phenotype depends primarilying of the differentiation events that determine an axon’s
pathfinding abilities. on the combination of LIM domain genes expressed in
a given neuron would predict that if Lim-3 were knockedDetermination of Specific Neuronal Phenotype:
Transcription Factors Expressed out MMCm neurons would assume the ventrolateral axon
trajectory of MMCl and LMCm neurons (assuming alsoin Postmitotic Neurons
Axon outgrowth occurs after the final cell division. Thus, that the manipulation of one of these genes would not
affect the expression of the others). Likewise, if Lim-3a transcription factor expressed solely in postmitotic
neurons is likely to have a function that is more proxi- were misexpressed in all spinal cord motor neurons,
one would predict a dramatic increase in the number ofmate to specific pathfinding decisions than those ex-
pressed earlier in neural cell lineages. The transcription neurons extending axons in the dorsal ramus.
Thomas and colleagues have examined the role of afactors described in this section fall into this category.
LIM domain genes are a family of genes that encode LIM homeobox gene called apterous (ap) in pathfinding
in interneurons of the Drosophila CNS (Lundgren et al.,proteins with a homeodomain and a cysteine-histidine-
rich LIM domain. These proteins have been shown to 1995). The specificity in the expression pattern of this
protein is suggestive of a role in defining projectionhave a variety of effects on cell differentiation (reviewed
by Tsuchida et al., 1994). The LIM domain protein family phenotype. It is expressed in a subset of interneurons
that normally choose a single projection pathway in thehas generated much interest recently as possible regu-
lators of axon pathfinding due to the close correlation ventral nerve cord. A clever manipulation was used to
visualize the pathway of ap-expressing neurons; trans-of combinations of family members with various types
of motor neurons in the chick spinal cord (Tsuchida et formants carry regulatory regions of the ap gene fused
to tau–lacZ, a reporter fusion gene whose expressional., 1994). The classification of the motor neurons is
interesting in this context because it is done on the product labels neurons in their entirety including cell
bodies and axonal projections. In wild-type embryos,basis of projection class. Duringearly axogenesis, motor
axons extending from the spinal cord into the periphery ap neurons send axons toward the midline; the axons
do not reach the midline but rather fasciculate with otherchoose among four major pathways. The expression of
a particular combination of LIM domain proteins pre- ap axons and extend anteriorly in the ipsilateral connec-
tive. In the absence of ap expression, there does notdicts the projection phenotype of the motor neuron in
which they are expressed (Figure 1). Subsequent studies appear to be any defect in axon elongation per se, but
these interneurons fail to make the correct pathfindinghave shown that the expression of LIM homeodomain
genes correlates with the projection phenotype of motor choices. Specifically, although these interneurons differ-
entiate and initiate axons appropriately, the axons doneurons in zebrafish as well (Tokumoto et al., 1995).
Furthermore, the transplantation of zebrafish primary not fasciculate normally or extend along the appropriate
pathway. The synaptic partners of ap-expressing neu-motor neurons to a new spinal cord position initiated a
new pattern of LIM homeodomain gene expression and rons have not been identified; thus, it is not yet known
whether the axons of the ap-expressing neurons eventu-morphological features appropriate for the new position
(Appel et al. 1995). This evidence is suggestive of a role ally locate their target cells. The authors suggest that
because ap is most likely a transcriptional regulator, isfor these genes in specifying the projection phenotype
of motor neurons. expressed in postmitotic neurons, and its expression is
limited to neurons that share a specific projection pat-Among LIM domain genes expressed in spinal cord
motor neurons, Islet1 (Isl-1) is the earliest and most tern, it may directly regulate the expression of cell sur-
face molecules that mediate recognition events neces-broadly expressed; thus, its function may be related to
more general aspects of motor neuron development. sary for the formation of the ap fascicle.
Outstanding QuestionsIndeed, it has been shown that the formation of motor
neurons was completely abolished in Isl-1 knockout The identification of the transcription factors involved
in regulating axon pathfinding is far from complete. Onemice and in chick embryo spinal cord explants cultured
in the presence of Isl-1 antisense oligonucleotides (Pfaff important task for thenear futureof this field is to identify
more transcriptional regulators of axon pathfinding. Aset al., 1996). The other members of the LIM homeodo-
main gene family are expressed later and are restricted we learn more about the nature of these transcription
factors, it will be of interest to determine the level ofin their expression to subsets of motor neurons. These
genes remain good candidates for direct regulators of control they exert over the pathway choices of an axon.
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Figure 1. LIM Homeobox Gene Expression
and the Early Axonal Trajectories of Chick
Spinal Cord Motor Neurons
(A) Proposed sequence of LIM homeobox
gene expression by individual motor neurons
within each embryonic motor column. Isl-1,
Islet-1; Isl-2, Islet-2; MMCm, median motor
column (medial subdivision); MMCl, median
motor column (lateral subdivision); LMCm, lat-
eral motor column (medial subdivision); LMCl,
lateral motor column (lateral subdivision);
CTv, column of Terni. Colors designate the
combination of LIM homeobox genes ex-
pressed at the time that motor axons select
distinct pathways.
(B) Motor axon trajectories. Summary of the
early axonal trajectories of subclasses of mo-
tor neurons. The diagram depicts sections
through a stage 25 chick embryo. At this
stage, motor neurons are defined by combi-
natorial expression of LIM homeobox genes,
and their axons have selected different path-
ways, but they have not segregated into dis-
tinct columns. The axons of MMCm neurons
(blue) form the dorsal ramus (dr) at thoracic,
brachial, and lumbar levels and extend to-
ward the dermomyotome (shaded). At bra-
chial and lumbar levels, the axons of LMCm
neurons (red) project ventrolaterally and enter
lateral plate mesenchyme of ventral character
(lp(v)), whereas LMCl neurons (green) also
project ventrolaterally but enter lateral plate
mesenchyme of dorsal character (lp(d)). At
thoracic levels, MMCl neurons (red) follow a
path similar to that of LMCm neurons, entering
lateral plate mesenchyme of ventral character
in the body wall. CTv neurons (brown) project
into the sympathetic chain along a ventral
ramus (vr). Modified with permission from
Tsuchida et al. (1994).
That is, how directly is transcriptional regulation in- encounter with the stimulus? The latter case implies that
a signal is sent from the growth cone back to the cellvolved in the dynamic expression patterns that have
been demonstrated for certain outgrowth and pathfind- body altering transcription in the nucleus. However,
some growth cones can navigate normally in vivo foring related molecules? Expression of some surface pro-
teins on axons is regulated with exquisite spatial and several hours after being disconnected from their somas
(e.g., Harris et al., 1987). Indeed, the distance from thetemporal detail at important decision points during axon
outgrowth. For example, in the embryonic rat spinal growth cone to the nucleus can be quite large, raising
the questionof whether this retrograde signaling mecha-cord, commissural neurons express TAG-1 while they
are extending in the circumferential pathway toward the nism is feasible given the current understanding of axo-
nal transport and signaling mechanisms. Thus, tran-ventral midline. After the axons cross the midline, they
turn abruptly and project in the longitudinal plane. scriptional regulation of pathfinding cues is more likely
to occur in advance of guidance cue encounters byCrossing the midline is associated with the downregula-
tion of TAG-1 on the axons and upregulation of another growth cones. In this scenario, encounters with axon
guidance cues would induce local changes in axonalcell-surface glycoprotein, L1. L1 is specifically ex-
pressed on the contralateral axon segment but is never proteins by one of two methods: either by post-transla-
tional alterations in proteins already present in theexpressed on the ipsilateral segment, cell bodies or den-
drites of commissural neurons (Dodd et al., 1988). Like- growth cone or by activating translation of previously
transcribed messages located in growth cones or distalwise, in the grasshopper and in Drosophila, certain axo-
nal glycoproteins are also selectively expressed in axons. Elucidating the signal transduction pathways ac-
tivated in response to external guidance cues will telldiscrete segments of individual axons (Bastiani et al.,
1987; Patel et al., 1987). us whether one or both of these mechanisms are at
work.In each of these cases, it is not known whether the
switch in glycoprotein expression is cell autonomous or The recent identification of transcriptional regulators
of axonal projection is an exciting advance that raiseswhether it is induced by external cues. If it occurs in
response to an environmental stimulus the question re- interesting questions about the role of transcriptional
regulation in axon pathfinding. Primary among them ismains, do transcription factors promote transcription of
new message in anticipation of, or in response to the how tightly regulated are the pathfinding choices of an
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axon? Does there exist a single transcription factor that
can turn on the expression of all of the various receptors
and intracellular signaling molecules necessary for an
axon to read a particular environment and the positive
and negative cues that contribute to guide the growth
cone to its appropriate target? Are there combinations
of such factors that vary for slightly different projection
subtypes (such as suggested in vertebrate motor neu-
rons)? And how much feedback regulation of transcrip-
tion is plausible from the environment encountered by
the growth cone itself? An important challenge will be to
determine the genes that are regulated by pathfinding-
related transcription factors. This will help to shed light
on the precise role of transcriptional regulation in axon
pathfinding and will surely lead to the identification of
new important players in the regulation of pathway
choice and target recognition.
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